ABSTRACT. Introducing dopants into InGaN NWs is known to significantly improve their device performances through a variety of mechanisms. However, to further optimize device operation under the influence of large specific surfaces, a thorough knowledge of ultrafast dynamical processes at the surface and interface of these NWs is imperative. Here, we describe the development of four-dimensional scanning ultrafast electron microscopy (4D S-UEM) as an extremely surface-sensitive method to directly visualize in space and time the enormous impact of silicon doping on the surface-carrier dynamics of InGaN NWs. Two time regime dynamics are identified for the first time in a 4D S-UEM experiment: an early time behavior (within 200 picoseconds) associated with the deferred evolution of secondary electrons due to the presence of localized trap states that decrease the electron escape rate and a longer timescale behavior (several ns) marked by accelerated charge carrier recombination. The results are further corroborated by conductivity studies carried out in dark and under illumination. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 The dynamics of charge carriers at material surfaces and interfaces not only plays a pivotal role in controlling the applicability of nanoscale materials to optoelectronic and microelectronic devices, but is also one of the major challenges in the development of these practical energy technologies. However, real-space and real-time mapping of charge carrier dynamics selectively at material surfaces is beyond the reach of conventional time-resolved spectroscopic or static microscopic methods and has only been enabled by the recent development of four-dimensional scanning ultrafast electron microscopy (4D S-UEM).
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The dynamics of charge carriers at material surfaces and interfaces not only plays a pivotal role in controlling the applicability of nanoscale materials to optoelectronic and microelectronic devices, but is also one of the major challenges in the development of these practical energy technologies. However, real-space and real-time mapping of charge carrier dynamics selectively at material surfaces is beyond the reach of conventional time-resolved spectroscopic or static microscopic methods and has only been enabled by the recent development of four-dimensional scanning ultrafast electron microscopy (4D S-UEM). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This technique relies on using photoelectron packets to probe the secondary electrons (SEs) generated from the first few nanometers of the top surface of the material as a result of the interaction of the electron beam with the surface of the photoactive material, which is directly correlated with the excited state charge carrier population and hence the temporal behavior of SEs reflects the charge carrier dynamics, thus opening up a new dimension in imaging techniques: observing the change in charge carrier dynamics explicitly at the surface of the sample in real space and time.
Several approaches have been developed to manipulate charge carrier dynamics in order to enhance the device functionality of photoactive materials; doping is one of the most effective ways among them. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In general, insertion of impurity species leads to the formation of additional levels in the bandgap of the host material that not only provide additional relaxation routes for the charge carriers, but may also alter the density of states and the band structure, resulting in significant changes in both the optical and electronic properties of the host material.
For example, group III nitride semiconductors, in particular ternary InGaN nanowires (NWs), have gained much attention because of their widespread application as the building block for diverse optoelectronic and photoelectrochemical devices, [17] [18] [19] [20] [25] [26] [27] [28] [29] stemming from their photostability and widely tunable direct bandgap from UV to near IR regions (3.4 eV-0.7 eV), 4 along with the suitability of the nanowire geometry to allow strain-relaxed growth of complex heterostructures. [30] [31] [32] [33] To further enhance the efficiencies of InGaN-based devices, Si has been introduced as an n-dopant, since it is reported to affect the growth process of NWs, leading to a reduction in structural defects, improvement in their morphology and interface quality, as well as an increase in their thermal stability. 34, 35 Importantly, Si doping can tune the charge carrier dynamics by altering the band structure and carrier recombination. 28, 36, 37 Moreover, Si doping leads to screening of the internal piezoelectric field, which in turn reduces the quantum-confined Stark effect, resulting in the decrease of carrier localization, increased radiative recombination rate, photoluminescence intensity, and lowers the threshold power density for obtaining stimulated emission. 36, [38] [39] [40] Although efforts have been made to employ 4D S-UEM to monitor the surface charge carrier dynamics of a few technologically important materials, the effect of doping, which is a primary factor in designing the conductivity and optoelectronic properties of the host material, on the charge carrier dynamics remains unexplored. Herein, we investigate the effect of Si doping on the surface charge carrier (as reflected by SE) dynamics of InGaN/GaN NWs using 4D S-UEM.
Faster SE kinetics are observed for the Si-doped NWs; however, the growth of the SE signal in the first hundred picosecond regime becomes slower as the Si dopant concentration increases. To understand such an anomaly in the SE kinetics in two different time regions, we conducted numerical simulation and determined that the delay in the contrast evolution of the doped samples can be ascribed to the presence of localized electronic trap states originated from doping, which decreases the electron escape rate, whereas the decay in dark contrast arises from energy losses of the secondary electrons due to their interaction with free and localized carriers generated by dopants. This behavior is also manifested in the photoconductivity of the doped and NWs, which will pave the way to further optimize their properties.
The InGaN/GaN NWs are grown on Si substrates by a plasma-assisted molecular beam epitaxy method. 8, 41 It has already been reported that the use of GaN NWs as templates instead of direct growth of InGaN on Si substrate leads to improved structural properties. 28 For doping the NWs with Si, two different temperatures are used in order to vary the concentration of the dopant ions, with the higher temperature resulting in a higher dopant concentration. Details of the NW growth procedure are described in the Supporting information. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 nm pulse. The 343 nm output is focused onto the Schottky field emitter tip inside the SEM to generate the pulsed electrons, which are then accelerated towards the sample using a voltage of 30 kV. The 515 nm output enters the microscope through a viewport at a 50-degree angle relative to the surface normal and is focused onto the sample surface at a working distance of 10 mm from the pole piece of the SEM column to deliver the excitation clocking pulse to the sample. The scanning process of the electron beam proceeds across the surface of the sample, both the laser excited and unexcited regions, in a raster pattern, and the secondary electrons (SEs) emitted from the sample are detected by a positively biased Everhart-Thornley detector.
The SE images are obtained at different time delays between the electron and optical pulses as an integration of 64 frames with a dwell time of 300 ns at each pixel to improve the signal-to-noise ratio. It should be noted that the pump energy of 2.4 eV (corresponding to 515 nm) is insufficient to knock out secondary electrons from the sample surface. Finally, all experiments are conducted at a repetition rate of 8 MHz to ensure full recovery of the specimen before the arrival of the next pulse. Contrast-enhanced differences in the SE images from the laser (pump pulse)-irradiated and non-irradiated regions are then extracted with reference to a negative time frame before the arrival of the excitation photon pulse. The evolution of the dark contrast with time for all the samples in the laser illuminated region suggests that while traveling towards the surface, the emitted SEs lose their energy through scattering events with photo-generated carriers; hence, fewer of them are detected by the detector compared to an unilluminated specimen. A similar observation has already been reported for InGaN NWs and GaAs. 3, 8, 42 Dense packing of the NWs enables the carrier diffusion across the boundaries of the NWs, and hence, the SE signal spreads beyond the laser-illuminated area. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The scale bar is 50 m.
doped samples because of the increase in the carrier concentration with doping. Reduction in the emission decay lifetime of InGaN emitters with Si doping has been reported in the literature and attributed to screening of the quantum-confined Stark effect and to increasing the electron-hole wave function overlap after doping. 43, 44 Surprisingly, zooming into the SE kinetics at a very early timescale (~200 ps) reveals slower growth of the dark signal in the doped samples than in the undoped one (Figure 3b ), i.e., slower deepening of the dark contrast with time, which is reflective of lesser SE generation as a result of reduced primary electron scattering with fewer It is reasonable to explain both the faster decay of the dark contrast on the long time scale and its slower rise on the short time scale within the same numerical framework involving localized energy levels associated with dopants. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10
The trap states can also promote electron-hole recombination, which normally occurs on a longer time scale than the dark contrast growth. This effect would then be observed as a quicker recovery of the dark contrast. The occupancy of the trap states in this case can be in quasiequilibrium with the free electrons. Below, we present a numerical simulation for describing the slower growth and quicker decay of the dark contrast in Si-doped InGaN NWs in reference to the undoped InGaN. In summary, the trap states introduced by Si doping appear to trigger different mechanisms dictating in different time windows: deferred SE emission within ∼200 ps but accelerated carrier recombination at several ns.
Evolution of the photogenerated carriers can be described by kinetic equations for the concentration of localized (trapped) n L electrons and the concentration g n of photogenerated electrons (and holes) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11
Summarizing both the growth and decay of the dark contrast as detailed in the supporting information and transforming the equations to mimic the dependences shown in Figure 3 provide (see Supporting Information). As we can see from these expressions, the decay rate is proportional to N L , suggesting a faster decay at higher dopant concentrations, which is exactly what is observed experimentally (see Figure 3a) . The dark contrast growth and decay simulated using Eqs (1) are shown in Figure 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 With the help of numerical simulations (see Supporting Information) as well, focusing on only the sign of the conductivity change under illumination, it can be observed that the effect of illumination has two competing contributions on the photocurrent of the NWs: the one due to the increase in charge carrier concentration is positive, whereas, the other one due to scattering of all electrons on photo-generated holes is negative. The latter contribution dominates for heavily doped samples, as in the case of the specimens we have studied here.
To conclude, we observed the effect of Si doping on the surface charge carrier dynamics of Sidoped InGaN NWs by 4D S-UEM. An interesting behavior of SE contrast evolution was observed; there is a delay in the dark contrast evolution in the fast time regime for the doped samples; however, on a longer time scale, the doped samples show faster decay of the SE signal.
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